Abstract-Index modulation (IM) techniques can be applied to the different media in order to achieve spectral-and energyefficient communication as well as to the indices of the subcarriers of a generalized frequency division multiplexing (GFDM) data block. In this work, a novel transceiver architecture for multiuser GFDM-IM system is introduced. The performance of the GFDM-IM is studied by considering the bit error rate (BER) as performance metric. It is shown that better BER performance than the classical GFDM and the orthogonal frequency division multiplexing (OFDM) with IM can be achieved by employing IM to the GFDM.
I. INTRODUCTION
Multicarrier waveforms are widely used due to their high spectral efficiency natures. Orthogonal frequency division multiplexing (OFDM) multicarrier communication scheme is already implemented for several systems including 4G longterm evolution (LTE). However, the demand on spectral efficiency for 5G wireless networks is much larger than the current 4G networks, since 5G networks will involve not only the cellular communications but also several different players such as sensors for smart cities, device to device communications, self driving vehicles, etc. Hence, there is a need for new modulation scheme that will provide higher spectrum efficiency with better energy efficiency.
Index modulation (IM) schemes have attracted significant attention that allow to transmit additional bits to the conventional modulation schemes by mapping the information to the indices of the different medias. OFDM-IM became popular recently that allows to map information to the indices of the subcarriers. This scheme firstly introduced in [1] as subcarrier index modulation (SIM) OFDM. At this work, number of active subcarriers varies according to the incoming bit stream. Later on, another method is introduced in [2] , [3] where the number of active subcarriers are predefined and can be adjusted according to the system needs. There has been extensive amount of work on different IM methods for OFDM in order to achieve better spectral efficiency, better error performance, etc. [4] - [12] . Furthermore, a survey on IM schemes is recently published in [13] that provides a broader look into different applications and performance evaluations.
Generalized frequency division multiplexing (GFDM) is another multicarrier transmission scheme that is introduced to
The work of Merve Yüzgeçcioglu has received partly funding from the European Union's Horizon 2020 research and innovation programme under the Marie Sklodowzka-Curie grant agreement No 641985. literature in [14] . A low complexity matrix model that provides a practical method in order to generate the GFDM block is introduced in [16] and the performance of the GFDM scheme is compared with the LTE standard in spectral properties and implementation complexity aspects. In [15] , matrix model is further improved and linear receiver structures are introduced. In addition, at this work the bit error rate (BER) performance is studied. In [17] , possible applications of GFDM scheme for different 5G network scenarios are further studied.
Furthermore, IM technique is combined with the GFDM in [18] and it is shown that GFDM-IM outperforms the error performance of GFDM at mid-to high-SNR values. Combination of spatial modulation (SM) that is mapping the information to the indices of the transmit antennas and GFDM subcarriers is studied in [19] . In addition, space and frequency index modulation (SFIM) scheme is introduced for MIMO GFDM systems in [20] . In this work, active transmit antenna index, subcarrier index and the constellation symbols are determined according to the incoming bit stream. It is shown that the SFIM-GFDM outperforms the SM-GFDM.
In this work, transceiver design of the GFDM-IM system in multi-user networks is introduced. The transmitter structure is explained in detail in order to construct the GFDM-IM symbol at user side. Moreover, the receiver structure is explained in order to mitigate the inter-user-interference (IUI) and successfully decode the active subcarrier indices and the conventionally modulated data. Error performance of the system is studied and it is shown that the GFDM-IM scheme achieves better error performance than both the OFDM-IM and the classical GFDM scheme.
The rest of the paper is organized as follows. In Sec. II, system model of multi-user GFDM-IM is explained in detail. Performance of the system is studied in Sec. III and the paper is concluded in Sec. IV.
II. SYSTEM MODEL
In a classical GFDM scheme, there are L subsymbols each contains N tot available subcarriers. During the transmission of a GFDM block, total Q = LN tot symbols are transmitted that allows us to transmit Q log 2 M bits where M is the modulation order. In contrary, not all the available subcarriers at a subsymbol actively carry information on the GFDM-IM scheme. According to the incoming bit stream, K tot out of N tot subcarriers are chosen as active and carry
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, respectively, where i ltu and s ltu are ∈ C
Ktot×1
. Furthermore, the modulated data are assigned to the active subcarriers and the data vector of the l-th subsymbol and the g−th group d
T is generated. Note that N − K subcarriers on the vector d g ltu remain idle during transmission. Then, the data vector of each subsymbol is generated by combining all the gorups
The data block is generated by combining the data of all subsymbols
Finally, a block interleaver is employed in order to transmit each subcarrier in a group through uncorrelated channels and the GFDM-IM data block of the uth user to transmit from the t-th transmit antennad tu ∈ C Q×1 is generated.
After generating the GFDM-IM data block, the remaining procedure is same as the classical GFDM scheme. Moreover, the resulting GFDM symbol can be generated as follows
Herein, A is the Q × Q transmitter matrix generated as given in [15] . A has the structure of
where
is the circularly shifted transmit filter and
The transmitted data from the u-th user can be written as
Finally, the received symbol at the BS is
is the AWGN with CN (0, σ 2 ) distribution. H u has the following structure
is the circular convolution matrix generated from the channel impulse response coefficients h tu = [h tu1 , h tu2 , . . . , h tuV ] where V is the number of channel taps and h tuv are circularly symmetric complex Gaussian random variables with CN (0, 1/V ).
We employ MMSE filtering in order to jointly perform the detection and the GFDM demodulation (JDD) [20] 
The resulting estimated vectord = Wy ∈ C
contains the transmitted data from all the users. Furthermore, the estimated data vector of each user is divided into L groups for each subsymbold tu = [d
Finally, each estimated subsymbol is divided into G groups in order to decode the index modulated and M -ary modulated bitŝ
T where l = 1, . . . , L, t = 1, . . . , N T and u = 1, . . . , U .
In order to detect the active subcarriers in the received datad
, we calculate the decision metric for each possible combination of the active subcarriers by the help of the look-up table Φ
where j = 1, . . . , 2
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, g = 1, . . . , G, l = 1, . . . , L, t = 1, . . . , N T , and u = 1, . . . , U . Once we have the decision metric m, the maximum entry of this metric that also indicates the active subcarrier combination is found aŝ l = arg max l m(l). Finally,l is mapped to Φ and the active subcarriers are detected as followŝ
Once the active subcarriers are detected, the transmitted symbols on these subcarriers can be easily demodulated by classical M -ary demodulation. Finally,î 
III. NUMERICAL RESULTS
In this section, the BER performance of the GFDM-IM is compared to the GFDM and the OFDM-IM schemes. In the simulation setup, the channel is considered i.i.d. multi-path Rayleigh fading. 2-and 4-user networks are considered in order to study the performance of the schemes and the BS is equipped with the same number of receive antennas as the number of users. At one transmission, L = 5 subsymbols and N tot = 128 subcarriers are used. Number of available subcarriers in a group is determined as N = 4 and K = 2 of them are chosen at each transmission. Additionally, 4-QAM is considered to modulate the active subcarriers. Data is filtered with square-root-raise-cosine filter with roll-off factors α = 0.1 and α = 0.9 to generate the GFDM block. In Fig. 2 , the performance of GFDM-IM is compared to the classical GFDM and the OFDM-IM schemes for 2-user network. It is observed that the performance of the GFDM-IM schemes is better than both the classical GFDM and the OFDM-IM schemes. This performance improvement is the result of the MMSE-based JDD and the improved distance of the symbols in frequency domain caused by the IM. Also note that the increasing the roll-off factor results a slightly worse performance up to mid-SNR values.
Performance of the system for higher number of users is examined in Fig. 3 . We can see in this simulation result that the behavior of the three schemes are similar to the 2-user case. The BER performance of the all three system gets better due to the increased number of receive antennas at BS side.
IV. CONCLUSION
In this work, the GFDM-IM scheme has been studied for multi-user networks. The receiver architecture was introduced in order to decode the received data successfully when interference from different users also presents. It has been shown that when the IM was employed to the subcarriers of a GFDM block, error performance of the system improves. Moreover, GFDM-IM achieves better performance than both the classical GFDM and OFDM-IM schemes. Furthermore, better spectral efficiency can be achieved by arranging the system parameters or the transmit power can be reduced by lowering the number of active subcarriers without loosing the spectral efficiency much. As a conclusion, GFDM-IM offers a flexible system model with performance improvement compared to the stateof-the-art schemes.
